The Western Scheldt of the Dutch Delta area is severely contaminated with trace metals. Accumulation models of trace metals in the mussel Mytilus edulis are required to predict the biological efficiency of reductions in the metal and organic matter load. Two models are constructed: a black-box model and a physiologically structured model. The black-box model predicts metal accumulation in mussels from uptake and elimination parameters. The physiological model attempts to improve predictions by taking into account the kinetics of individual uptake and elimination routes. These in turn, are taken as depending upon two more general physiological processes, the ventilation rate and the metabolic rate. Metal uptake via food and water are expressed as relative fractions. Metal input is differentiated into particulate adsorbed, and dissolved species.
Introduction
. These values should be compared with effect concentrations of cadmium for mussels which approximate 44 nmol g adw-' (Marquenie & Vethaak, in press) and to lethal concentrations of copper for mussels which approximate 790-940 nmol g adw-' (DeKock, 1986) . It is evident that metals, and in particular cadmium, are cause for great concern.
In 1987 the Dutch government started a project to investigate the distribution and behaviour of contaminating substances in the estuary and produce a Water Quality model. This model will derive results from a series of modules related to water and particle transport, to chemical distribution and to bio-accumulation of metals. The present paper concerns the development and evaluation of two bio-accumulaten models, which differ according in the degree to which biological processes have been taken into account as variables influencing uptake and elimination of metals. Both are evaluated, using timeseries field data for dissolved and adsorbed metal concentration as the input for the simulation of cadmium and copper concentrations in mussels. The results are then compared to field measurements.
Model assumptions
In designing these models a number of assumptions were made about the routes of metal uptake in mussels and the nature of bio-available metal species in relation to specific uptake route.
Uptake route
In the mussel, the main metal species are the water dissolved species, taken up via the gills and particle adsorbed metals ingested with food.
Views on the relative importance of these two uptake routes have changed in the literature with time. Initially metal uptake with food was considered the major source for body burden (Pentreath, 1973; George, 1980) , or of equal importance to that of via the gills (Schulz-Baldes, 1974) . Recent work however has pointed to metal uptake via the gills as the major contributor to body burden (Kohler & Riisgard, 1982; Borchardt, 1983; King & Davies, 1987 and Riisgard et al., 1987) .
Bio-available trace metal species
The nature of the bio-available species will depend on the mechanism of uptake (George, 1980; Baudo, 1982; Luoma, 1983) . Available data differ according to, whether metal uptake via the gills is considered to occur through passive diffusion (George, 1980; Carpene & George, 1981; Simkiss, 1983; Langston & Bryan, 1984; Viarengo etal., 1987) or to active, carrier mediated transport (Janssen & Scholz, 1979) . Since ATP-inhibitors appear unable to affect cadmium uptake via the gills (Carpene & George, 1981) , the assumption of passive diffusion seems the more likely one. In this case, the main metal uptake species to consider, should be the small ionized froms, the chlorides and the hydroxides, since in studies on solubility of metals in artificial bilayers solubility is associated with the above (Simkiss, 1983) . This fits with the finding that increasing salinity (chlorinity), which is associated with decreasing ionization of cadmium, does decrease its toxicity (Engel & Fowler, 1979) . The outcome of experiments in which NTA (nitrilotriacetic acid) was used to replace chloride as the metal complexing agent suggested the present survival of the grass shrimp Palaemonetespugio is a function of free cadmium ion and not of total cadmium concentration (Sunda et al., 1978; Salomons & Frstner, 1984 . The toxicity and bioavailability of copper has also been associated with the ionized species (Engel et al., 1981) .
Particulate matter
All previous arguments support the assumption that for the gills, the bio-available fraction of metals contains only the smaller metal species, such as the free ions. The bio-available fraction for the gut on the other hand, remains as yet unidentified. Intuitively one would associate this with the particulate, adsorbed forms. In that case variations in metal species in water become important parameters because they may alter the partition of uptake between water and food. These species will vary with salinity and with the concentration of particulate, especially organic, matter. The effect of seasons on this concentration of organic particles, in the form of algae, could influence metal species composition, bioavailability and toxicity in water.
To introduce significant variation in the relationship between organic matter concentration input, data from the Western Scheldt have been compared with data obtained offshore in the North Sea; seasonal variation has been accounted for in the analysis. It should be realized that, in view of the uncertain significance of ingestion of contaminated food, model design should differentiate between two models, which differ according to degree of complexity. The present study therefore develops and compares two designs. The first model has one uptake route, via the water. The second model has two uptake routes via water and through the food and takes the influences of seasonal variations of water temperature into account.
Data
To estimate the maximum amount of metals taken up via the food by mussels (worst case approximation), particulate metal concentrations are assumed to be completely adsorbed to the digestable fraction of particulate organic carbon (POC) in water. Although adsorption of trace metals to clay minerals plays an important role in estuaries and coastal zones (FOrstner, 1984) , its effect in this study is ignored.
The Dutch National Monitoring Program (see reference NMP) measures two groups of metal fractions, a dissolved fraction and a total fraction. The dissolved metal fraction is the filtrate which passes a mesh of 0.45 pim. The organic particulate adsorbed metal concentration is a derived value of total and dissolved measured metal concentrations.
Data obtained from four locations of the monitoring program are used as input data for calibration and validation of the models. The map in Fig. 1 shows the four locations. Table 1 summarizes adsorbed organic particulate and dissolved cadmium and copper concentrations in water and particulate organic matter concentrations. Two independent data series are used. Data for the locations Hansweert, Terneuzen, Vlissingen and Noordwijk 2 km (see Fig. 1 ) are obtained from the routine monitoring program (NMP). Data for the locations Noordwijk 4 and 60 km are obtained from NOSPEC data (NOSPEC, 1989) .
The following points contribute to the variation in dissolved metal concentrations of the NMP: a) Sampling is instantaneous, thus variations occur because of the natural processes in estuaries which have a large impact on metal speciation (i. e. changing redox conditions, changing salinities, current patterns and tide influences). b) Effects of processing and transport of the samples. c) Variation, due to the analytical procedure between different sample series over a longer period. d) Variation, due to the analytical procedure within one sample series. Unfortunately the exact variation coefficient for a) and b) is unknown. Duplicates obtained from different data sets differ by as much as a factor of 2-3 for cadmium and 1.5-2 for copper. The variation coefficient for c) is for cadmium 14% (n = 18) and for copper 13% (n = 18), for d) 3.7% and 4.3% repectively. The points a) and b) most likely contribute more to the variation than c) and d).
The organic particulate adsorbed metal concentration was derived according to the following formula:
total metal concentration -dissolved metal concentration (suspended matter concentration -ash weight)/2
The factor 2 in the formula is a estimation of the digestable fraction of the particulate organic car- Due to a highly skewed, non-normal distribution of metal concentrations, demarcation criteria are difficult to apply. Metal concentrations which were considered improbable after comparison with incidental time series of metal concentra-
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Z"=z tions, were rejected. Outliers only occured in data for the Western Scheldt. Values higher than 0.044 imol.l -for dissolved cadmium and values higher than 0.44 ktmol.g-' for adsorbed cadmium were rejected. This occurred in 2.3 % and 7.1 of the data respectively. Concentrations higher than 0.79 mol 1-and 15.7 bpmol g-' for dissolved and adsorbed copper are also rejected and this occured at 1.1% and 3.9% of the data. Metal concentrations in mussels are obtained from the Dutch contribution to ICES/JMG of the Paris/Oslo commissions (Luten, 1986) . Unfortunately no replicates were taken, therefore a maximum variation coefficient between independent populations is obtained from other data sets. For cadmium concentrations in mussels a variation coefficient of 280% and for copper a variation coefficient of 19% is calculated (DeKock & Marquenie, 1981) . Variation coefficients within populations (analytical variance) for the same sample series as above of 9.0% (n = 9) for cadmium and 2.0% (n = 9) for copper are given (DeKock & Marquenie, 1981) .
The ratio of dissolved and total metal concentrations indicates the fraction of metals in solution. As shown in Table 1 , the fraction of dissolved metals increases with increasing salinity. This means that in the eastern part of the estuary (Hansweert), cadmium and copper are, relatively, more in the particulate phase than in the western part (Vlissingen). This trend for cadmium is more obvious than for copper.
Modelstructure

Black-box model
Model discription
The black-box model is used to calculate the overall uptake and elimination of cadmium and copper in mussels. The mussel is considered to be Table 2 .
with a steady state concentration in the mussel:
The two rate constants k 1 and k2 are estimated from results of accumulation-eliminations experiments in the laboratory.
Estimation of parameters
The metal uptake process is considered to be due to passive diffusion via the cell membrane with a concentration gradient over the cell membrane. The concentration gradient is dependent on the dissolved metal concentration in the water and the internal metal concentration of the cell. It is asumed that, due to the continuous adsorption of metals to proteins (metallothioneins) within the cell, there is close to zero metal concentration in the water phase of the cell. Thus Fick's first law of diffusion can be simplified. Fick's first law at fixed temperature is:
with q the flux (mmol m-2 d -1), D the diffusion rate coefficient (m 2 d -), C the metal concentration (mol 1 -') and z distance (m). Assuming a diffusion active surface which is size dependent on the biomass of the mussel and assuming a zero metal concentration within the cellular water phase, the equation can be transformed into:
with q'the new flux (pmol g adw-1 d -), C w the metal concentration in water (umol 1 -) and k the new diffusion rate constant (1 g adw -d -'), which is the accumulation rate constant kj. When the metal concentration in the mussel is in equilibrium with the surrounding water (at time t = oo), the quotient k/k 2 becomes constant: the bio-concentration factor (1 g adw -1). From experimental studies at 15°C this factor appeared to be for cadmium 3.44 (Standard Deviation SD.03) and for copper 2.95 (SD.11) 1 g adw-, (Adema, 1981) .
The elimination rate constant k 2 is derived from the biological halflives T 1 /2 (d) of cadmium and copper is mussels by the formula (5):
The mean value of several literature sources at different temperatures is taken and appeared to be for cadmium 125 (SD 53) days (Scholz, 1980; George, 1980; Borchardt, 1983; Majori & Petronio, 1973a; Variengo etal., 1985) and for copper 7 (SD 3) days (Majori & Petronio, 1973b; Viarengo et al., 1985) .
Physiologically structured model
Model discription
The physiologically structured model calculates the overall uptake and elimination of cadmium and copper in mussels. The total uptake is differentiated into uptake via the water and uptake via food. In this model the metabolic rate of the mussel is a key factor, controlling the uptake and elimination rates of cadmium and copper.
The uptake of metals is the sum of uptake via the gills (k 3 vCw) and the gut (k4vfCvw). Uptake is assumed to be linearly related to the amount of water passing through the gill each day (ven-tilation rate, v) and the filtered amount of food on it (v times food concentration, f). Elimination is assumed to be dependent on the respiration rate (r) of the mussel (k 5 rC), so:
A discription of model variables and coefficients is given in Table 3 . The respiration rate (r) is thought to be determined by its feeding rate and standard metabolism (i) (GREWAQ, 1987) :
The formulation of the ventilation rate (v) used is (Bayne, 1976) :
The ventilation rate itself is related to the amount of biomass per animal (M). As the increase of biomass is not constant throughout a mussel's life time, three distinct year classes with different growth rates (g) are assumed: (Adema, 1981 and assumes that the elimination rate after one days accumulation is negligible. For a dimensionless extraction efficiency k3, q' after one days
accumulation is divided by the calculated ven-
tilation rate (25, SD 5,1 d-') of the mussels used,
divided by the weight (0.9 g adw) of the mussels.
adw(g adw d )
When the assumption of passive diffusion is valid for the gut, the extraction efficiency coefficient can excretion rate, be applied. If we assume for the gill and gut equal (12) diffusion active surfaces, the extraction efficien- The elimination coefficient k 5 is based on the different halflives given by several authors for metals in mussels, see 3.1.2 By scaling ln2/T/2 on the metabolic rate, a dimensionless elimination 
Calibration, sensitivity analysis and validation
Calibration
During calibration, model coefficients were estimated, allowing adjustment of the model to the field situation. Both models were calibrated using the measured cadmium and copper concentrations in mussels with a variation coefficient of 28% and 19% respectively for the Terneuzen location with input data as stated in Table 1 . The calibrated results for the model should fall within the confidence intervals of measured metal concentrations in mussels. The original and calibrated uptake and elimination constants are shown in Table 4 and 5 for the blackbox and physiological model. The coefficients of the physiological part of the physiological model equations (7), (8) and (9) hardly change, these coefficients are shown in Table 6 . The difference between the original and adjusted values for the uptake constants was large in the first model. The adjusted bio-concentration factor k/k 2 for cadmium is 15 1 g adw-and approximately 5 times higher than obtained from loboratory studies (Adema, 1981) . The bio-concentration factor, obtained from different field studies is 18.4 (1 g adw-') (Cossa, 1988) . This value is close to the adjusted concentration factor. Differences in the mussels conditions, starved in laboratory and fed in field, and differences in metal speciation in water may have caused these large differences in uptake constants. The adjusted bio-concentration factor for copper of 5 1 g adw-1 deviates less than a factor of 2 from the laboratory study of Adema (1981) . Riisgard et al. (1987) calculated a extraction efficiency of 0.15 % for cadmium for the total organism which is in concordance with the fitted extraction efficiency 
Sensitivity analysis
Sensitivity analysis of the model will yield coefficients with the greatest impact on model .013
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results. The sensitivity analysis is a Monte-Carlo based method which chooses at random a value from the given, a priori parameter range as input variable for a new simulation run (Fedra, 1983 ). This procedure is repeated > 50 times. The coefficients with a large impact on the model results are, for the blackbox model: k, and k 2 and for the physiologically structured model: k 3 and to a lesser extent k 4 , k, g, a and b. The sensitivity analysis after calibration gives a first indication of the reliability of model predictions. The a priori parameter range of model coefficients is used in the sensitivity analysis after calibration. Model uncertainty can be compared with confidence intervals of metal concentrations in mussels. Calibration results for Terneuzen location are presented in Fig. 2 . Results are given as a median (straight line in Fig. 2 ) with 25% and 75% quartiles (dotted lines in Fig. 2 ) between which 50% of the simulation results are situated. The quartile range for both models is either smaller than or in agreement with, the variation coefficients of the measured metal concentrations in mussels. Further refinement of model parameters which result in smaller quartile ranges of the model predictions is therefore unnecessary. Model performance of the median result in Fig. 2 are virtually the same for both models. 
Validation
The models performance was validated by testing independent input data sets for the Hansweert, Vlissingen and Noordwijk 2 km locations (Table 1) . Model coefficients were not adjusted. Model predictions for metal concentrations in mussels were compared with field data. Validation results are given in Fig. 3 . Predicted metal concentrations in mussels are plotted, using a log-log scale, against field values. Confidence intervals for the field data are given as dotted lines in Fig. 3 .
The simulated cadmium concentrations for mussels of both models are in poor agreement with the measured data. Simulation results for the Vlissingen location overestimate by a factor of 6-7, and underestimate by a factor of 4-5 for the Hansweert location when compared with field concentrations. Most of the simulated copper concentrations for mussels in both models were within a factor of 2 when compared to field concentrations.
Known methological problems with the measuring of total and dissolved cadmium concentrations in water, particularly at the Vlissingen location, forced us to reject the input values for Vlissingen. The mean model values for this location are therefore given between brackets in the graph. Even when these data are rejected, simulation results are in poor agreement with field data. This would indicate that crucial accumulation processes may have been neglected or that the dissolved and total cadmium concentrations used are not sufficient or unreliable. With the large uncertainties for measured metal concentrations in water, no distinction can be made log model va ue nmol/g adw CADMIUM between either of the two possibilities mentioned. No remarkable differences can be seen when comparing the model performances of both models for cadmium and copper. The physiological structures with the current parameter settings represented by equations (7), (8) and (9) give no additional information concerning uptake processes. The second uptake route via food, is with these input data unnecessary for calculating the internal cadmium or copper concentrations in mussels. This may be due to either the structure of the physiological model or to poor calibration of the parameters of the physiological model. With the data availabable no distinction between either of the two possibilities can be made.
Discussion
The contribution of metal uptake via food to total body concentration is given in Table 1 . To calculate this fraction we have assumed that extraction efficiency's (k 3 and k 4 in equation (6)) are identical for gills and gut. If we consider diffusion as the most likely uptake process and assume that the diffusion active surfaces of gills and gut are equal in size and properties, then we may assume that the extraction efficiency's for gills and gut are the same. Assuming all these assumptions are true we have calculated, using the physiologically structured model, that with increasing salinity, metal uptake via food decreases, from east to west in the Western Scheldt. The values for cadmium are 29%0, 200% and 13 %, for copper 63 %, 44% and 39%, see Table 1 .
Calculations using North Sea data give different results and depend on the data set used. Calculations with NMP data result in percentages of 28% and 63% for cadmium and copper. Calculations with NOSPEC data which were measured in spring during the phytoplankton blooms of 1986, result in values of less then 10% for both metals. The Noordwijk location is situated in the plume of the river Rhine, about 15% of the passing water is of riverine origin. Thus Noordwijk is not representative of a situation in the North Sea, but representative of coastal waters and does not have the characteristics of open sea as assumed. This location is characterized by low salinities and high POC concentrations and is comparable with a location between Terneuzen and Vlissingen in the Scheldt estuary.
As is shown in Table 7 , no clear seasonal variation in metal uptake via food can be observed. In 1983 and 1984 during spring and summer the amount of metals taken up via food decreased by a factor of 2. For 1985 and 1986 no such trend can be discovered.
Results of laboratory investigations performed by Borchardt (1983) and Riisgard et al. (1987) show percentages of less then 1% for relative cadmium uptake via food, a factor 100 times lower than the contributions calculated by the model. The ratio of dissolved and total cadmium for the experiments of Riisgard and at location Terneuzen are about the same (60% and 79%), the adsorbed metal concentration to POC were 2.67 pmolg ' in the experiments and 0.186 pmol g-1 in the field; the POC concentrations in the water were 18 mg 1-in laboratory and 5.4 mg 1-in the field. Although the particulate metal concentrations in Riisgards experiment were approximately 10 times higher, less metal was taken up via food then calculated in the physiological model.
The extraction efficiency for the gill in the physiological model and the experiments of Riisgard et al. (1987) are almost equal, 0.10% and 0.15%. The extraction efficiency for gut in contrast differ by more than a factor of 100. This Table 7 . Mean per quarter of a year for relative metal contribution via food to total body burden of M.edulis at the Terneuzen location for cadmium and copper in % as calculated by the physiologially structured model. Cadmium  1982  1983  1984  1985  1986  Winter  29  21  31  21  Spring  10  14  29  19  Summer  25  6  14  16  19  Autumn  15  15  29  19  12  Copper  1982  1983  1984  1985  1986  Winter  56  35  39  58  Spring  27  32  47  49  Summer  48  30  26  54  54  Autumn  52  34  43  65  43 indicates that the assumptions for metal uptake via the gills are in agreement with this experiment. The assumptions made for metal uptake via the gut i.e. passive diffusion through the cell membrane; the same diffusion active surface as in gill and the worst case assumption of all particulate metals adsorbed to POC, are not in agreement with experimental results (Borchardt, 1983; Riisgard et al., 1987) . The trace metal adsorption capacity of pariculate organic matter is generally lower than that of clays (FOrstner, 1984) . This factor alone can not explain the great differences in extraction efficiences for the gut between the uptake routes of the physiological model and both experiments. The first two assumptions are incorrect. Other uptake processes or a smaller diffusion active surface may be found in the gut. Given the available knowledge, no distinction between these two assumptions can be made. Even with these assumptions, when the relative metal uptake via food in the model is 100 times higher than in experiments, the food mediated contribution of cadmium and copper to total body burden is generally lower than from the water mediated metal uptake. Thus via the gills is the main uptake route.
In the introduction it is stated that ionic cadmium and copper species are the bio-available fraction. Both models use as input data dissolved metal concentrations in water. The percentage free ion of diluted sea water and normal sea water at salinities of 17.5%, and 35%, pH 7.5 and 25 °C is for cadmium 7.03% and 3.32% and for copper 16.53% and 18.12%. For copper salinity effects on the free ion concentrations in water are negligeable when compared to cadmium. It has been indicated for cadmium that when salinity increases, the bio-available ionic fraction decreases. The model is calibrated on the Terneuzen location, so both models will give an overestimation of the cadmium concentration in mussels at the Vlissingen location and an underestimation at the Hansweert location where salinities are higher and lower respectively than in Terneuzen. In Fig. 3 this phenomena is obvious for the simulated cadmium concentration in the mussels. The ionic concentration of copper remains more or less constant through the salinity gradient, so no shift in model estimation as a function of salinity should or can be detected in Fig. 3 . This also explains the differences of model performance for cadmium and copper. The free cadmium ion should be used as input data, to obtain better simulation results.
To summarize our conclusions: (1) Model performance does not increase with increasing complexity in this case. (2) The assumptions made for the food uptake in the second model: passive diffusion through the cell membrane; the same diffusion active surface as in gill and the worst case assumption of all particulate metals adsorbed to POC, are not in agreement with experimental results in literature. (3) Variations in particulate organic matter (POC) concentrations and salinity do not alter the major contribution of dissolved metals to body burden. Metal uptake via food is, even with the wrong assumptions, of minor importance to total body burden. (4) There is a lack of detailed (seasonal) timeseries for metal concentrations in mussels, so the black-box model is adequate. (5) Additional laboratory experiments should be carried out to give a better understanding of the reasons for the bad agreement between the few field observations and the simulations. In these experiments mussels grown under different environmental conditions can be tested for their accumulation capacity of trace metals. (6) For copper we developed a model which predicted within a factor of 2 the copper concentrations in mussels. (7) For cadmium we have not developed an adequate model. There may be crucial processes which are not taken into account. (8) The free metal ion concentration should be taken as input data for the models. Particularly for cadmium this would improve the concentration predictions for mussels.
Sampling programmes will be needed where contaminant concentrations in mussels and physiological parameters such as fat, proteins and glycogen can be measured monthly. Concomitant sampling of enviromental variables such as metal concentrations, temperature, salinity, and POC concentrations will be necessary.
